The adsorption behavior of a potential polynuclear Schiff base, (s)-2-(anthracen-9(10H)-ylideneamino)-3-phenyl propanoic acid (A9Y3PPA) on carbon steel (CS) in 1M hydrochloric acid solution has been investigated using weight loss measurements, electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization studies. The surface morphology of the carbon steel specimens in the presence and absence of the inhibitor was evaluated by AFM analysis. The corrosion inhibition efficiencies of parent amine and parent ketone on carbon steel in 1M HCl solution have also been investigated using weight loss studies. The adsorption of A9Y3PPA obeys Langmuir adsorption isotherm. Thermodynamic parameters (Kads, ∆G 0 ads) were calculated using the adsorption isotherm. Activation parameters of the corrosion process (Ea, ∆H* and ∆S*) were also calculated from the corrosion rates obtained from temperature studies. Tafel plot analysis revealed that A9Y3PPA acts as a mixed type inhibitor. A probable inhibition mechanism was also proposed.
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Introduction
It is well known that the use of hydrochloric acid in metal industries for acid pickling, de-scaling and cleaning process are the major reasons for the increase in the dissolution rate of carbon steel. The use of certain organic compounds containing oxygen, nitrogen and sulphur as inhibitors is the most practical method to prevent corrosion of the carbon Steel (CS) in acidic media [1] [2] [3] . Compounds with π-bonds also generally exhibit good inhibitive properties due to interaction of π-orbital with the metal surface 4 . Schiff bases are organic molecules possessing azomethine linkage and many of them act as effective potential corrosion inhibitors [5] [6] [7] [8] . Increasing efforts have been made to study the corrosion behavior of metals and mechanism of inhibition during the past decade mainly through electrochemical investigations [9] [10] [11] . In this paper we report the corrosion inhibition behavior of a novel polynuclear Schiff base (A9Y3PPA) derived from anthracene-9 (10H)-one and (s)-2-amino-3-phenyl propanoic acid in 1M HCl solution on CS at different temperatures. The study was performed by weight loss measurements, electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization analysis.
Results and Discussion

Weight loss measurements
Weight loss of CS specimens in 1M HCl at 30 0 C was determined at 24 h in the presence of various concentrations of inhibitor (A9Y3PPA). The corrosion rates, inhibition efficiencies and surface coverage (θ) in the presence of inhibitor for CS specimens for the period of 24 h are shown in the Table  1 . Data clearly established that the corrosion rate markedly decreased with inhibitor concentration and inhibition efficiency increased with increasing the concentration of the inhibitor. At the inhibitor concentration of 1.0mM, the maximum η w % obtained was 92.36, which shows that A9Y3PPA possesses significant corrosion inhibitor properties for CS in HCl. 
Comparison of inhibition efficiency of Schiff base with its parent compounds
To compare the inhibition efficiencies of Schiff base, parent ketone (anthracene-9 (10H)-one) and parent amine [(s)-2-amino-3-phenyl propanoic acid], weight loss measurements of CS specimens were performed in 1M HCl at 30 0 C. The percentage of corrosion inhibition efficiencies obtained for Schiff base, parent ketone and parent amine on CS are represented in the figure 1. The inhibition efficiency of the Schiff base A9Y3PPA was markedly higher than that of parent ketone and parent amine for the studied concentrations. This investigation clearly establish the role of azomethine linkage (C=N) present in the Schiff base which actively participate in the corrosion inhibition mechanism.
Adsorption isotherm and free energy of adsorption
To elucidate the nature of adsorption and the surface behavior of inhibitor molecules, various adsorption isotherms were assessed in the present study. For the evaluation of thermodynamic parameters it is necessary to determine the best fit isotherm with the aid of correlation coefficient (R 2 ). Among the isotherms studied, the best description of the adsorption behavior of A9Y3PPA on CS specimens in 1M HCl was Langmuir adsorption isotherm and the model is expressed as
where C is the concentration of the inhibitor, θ is the fractional surface coverage and Kads is the adsorption equilibrium constant. 
where 55.5 is the molar concentration of water, R is the universal gas constant and T is the temperature in Kelvin 13 . ∆G 0 ads for A9Y3PPA on CS showed negative values indicating the spontaneity of the process. The value of ∆G 0 ads up to -20kJ mol -1 is an indication of the electrostatic interaction of the charged molecule and the charged surface of the metal (physisorption) while ∆G 0 ads is more negative than -40kJ implies that inhibitor molecules are adsorbed strongly on the metal surface through co-ordinate type bond (chemisorption) 14, 15 . In the present investigation, the inhibitor molecules showed ∆G 0 ads -31.21 kJ/mol for CS specimens suggesting that the adsorption of inhibitor involves both electrostatic and chemical interactions.
Effect of Temperature
In order to gain more information about the effectiveness of the A9Y3PPA inhibitor at higher temperature, weight loss measurement in the temperature range of 30-60 0 C was conducted. The activation energy of corrosion with and without the inhibitor could be calculated by Arrhenius equation
where K is the rate of corrosion, Ea the activation energy, A the frequency factor, T the temperature in Kelvin scale and R is the gas constant. Linear plots between logK and 1000/T ( coefficients close to unity indicate that the corrosion of CS in HCl could be explained by the simple kinetic model. Enthalpy and entropy of activation (∆H*, ∆S*) were calculated from the transition state theory
where N is the Avogadro number and h is the Planks constant. A plot of log (K/T) Vs 1000/T gave straight lines for the corrosion of CS in 1M HCl in the presence and absence of the inhibitor (Fig. 4) . Table 2 shows the activation energy and thermodynamic parameters of corrosion of CS in 1M HCl with and without the inhibitor A9Y3PPA. Figure 3 and 4 illustrate that as the concentration of the Schiff base was enhanced, the corrosion rate of the carbon steel specimen diminished appreciably. As the slopes of the straight lines increased with concentration ( Fig. 3) , one can ascertain that the energy of activation increases with the concentration. In other words, the reluctance of dissolution of metal increased with the inhibitor concentration. Positive signs of enthalpies with a regular rise reflect the endothermic nature of dissolution and the increasing difficulty of corrosion with the inhibitor concentration. It is evident from the Table 2 that the entropy of activation increases with the inhibitor concentration. In the case of blank, the entropy of activation is large and negative. This implies that in the rate determining step, a decrease in disordering takes place on going from reactants to the activated complex and the activated molecules were in higher order state than that at the initial state. But as the concentration of inhibitor increases, the disordering of activated complex rises and the entropy of activation acquires positive values. 
.EIS measurements
The corrosion behavior of CS in 1M HCl in the presence of various concentrations of inhibitor has been investigated using electrochemical impedance spectroscopy at 30 0 C. Figure 5 and 6 represents the Nyquist plots and Bode plots respectively for CS specimens in 1M HCl in the presence of various concentrations of inhibitor. It is evident from the plots that the impedance response of metal specimens has marked difference in the presence and absence of the inhibitor A9Y3PPA.
Impedance 17 . The simple equivalent circuit that fit to many electrochemical systems composed of a double layer capacitance, Rs and Rct 18, 19 . To reduce the effects due to surface irregularities of metal, constant phase element (CPE) is introduced into the circuit instead of a pure double layer capacitance which gives more accurate fit 20 as shown in the Fig. 7 .
The impedance of CPE can be expressed as = 
where Y0 is the magnitude of CPE, n is the exponent (phase shift), ω is the angular frequency and j is the imaginary unit. CPE may be resistance, capacitance and inductance depending upon the values of n 21 . In all experiments the observed value of n ranges between 0.75 and 1.0, suggesting the capacitive response of CPE. The EIS parameters such as Rct, Cdl and the calculated values of percentage of inhibition (ηEIS%) of CS specimens are listed in Table 3 . From Table 3 it is clear that Rct values are increased with increasing inhibitor concentration. The capacitance value Cdl decreases with inhibitor concentration and this decrease in Cdl may be explained on the basis that the double layer between the charged metal surface and the solution which may act as an electrical capacitor. These results suggest that the A9Y3PPA molecules function by adsorption at the metal/solution interface 22 . A maximum of 95.24 % inhibition efficiency could be achieved at an inhibitor concentration of 1mM for CS specimen. Fig. 8 and Fig. 9 represents Potentiodynamic and linear polarization curves for CS specimens in 1M HCl at 30 0 C in the presence of various concentrations of inhibitor (A9Y3PPA). Polarization parameters like corrosion current densities (Icorr), corrosion potential (Ecorr), cathodic Tafel slope (bc), anodic Tafel slope (ba), inhibition efficiency (ηpol%) and linear polarization parameters like polarization resistance (Rp) and inhibition efficiency(η Rp%) for CS specimens are listed in Table 4 . A marked decrease in the corrosion current density (Icorr) was observed in the presence of inhibitor A9Y3PPA. A lowest value of Icorr was noticed for the inhibitor solution of concentration 1mM which exhibited a maximum inhibition efficiency of 94.86%. The data show that, addition of the Schiff base to acid media affected both the cathodic and anodic parts of the curves; it may be assumed that the inhibitor molecules are adsorbed on anodic and cathodic sites uniformly. Generally if the shift of Ecorr is >85 with respect to Ecorr of uninhibited solution, the inhibitor can be viewed as either cathodic or anodic type 23, 24 . In the present study the maximum shift of Ecorr is 30mV, suggesting that A9Y3PPA acts as a mixed type inhibitor for CS specimens in 1M HCl. 
Fig. 7. Equivalent circuit fitting for EIS measurements
Potentiodynamic polarization studies
AFM studies
The surface morphology of carbon steel surface was evaluated by atomic force microscopy (AFM). The figure 9 (a-c) shows the surface (3D) morphology of the bare carbon steel surfaces, CS specimens without and with inhibitor in hydrochloric acid medium respectively. The average roughness of polished bare carbon steel surface (figure 9a), carbon steel in 1 M HCl without and with inhibitor ( figure 9b-c) was calculated to be 1.39, 15.68 and 9 .80 nm respectively. It is clearly from the figure 9b that the corroded carbon steel sample shows a rough surface due to acid corrosion. However in the presence of inhibitor, the rate of corrosion is suppressed and surface of the inhibited carbon steel specimens get smoothened as shown in figure 9c. The decrease in roughness was due to the formation of an adsorbed A9Y3PPA film on the carbon steel surface.
Mechanism of Inhibition
It is well known that the surface of the metal is positively charged in acidic media 25 . It is believed that the Cl -ions could be specifically adsorbed on the metal surface and creates an excess of negative charge on the surface. This will favour the adsorption of protonated Schiff base (A9Y3PPA + ) on the surface 26 and hence reduce the dissolution of Fe to Fe 2+ (Fig.10) . Besides this electrostatic interaction between the protonated Schiff base and the metal surface, other possible interactions are i) interaction of unshared electron pairs in the molecule with the metal ii) interaction of π-electrons with the metal and iii) a combination of types (i-ii) 27, 28 . The π-electron cloud of the aromatic rings and the azomethine linkage also participate in the inhibition mechanism. Furthermore, the double bonds in the inhibitor molecule permit the back donation of metal d electrons to the π* orbital and this type of interaction cannot occur with amines 29 . This can be justified by the lower inhibition efficiency of the parent amine than that of Schiff base.
Conclusions
1. A9Y3PPA acts as good inhibitor for CS in 1M hydrochloric acid medium. 2. Inhibition efficiency increases with increase in concentration of inhibitor. 3. Compared to the parent amine and ketone, the Schiff base A9Y3PPA exhibited higher inhibition efficiency for CS corrosion. 4. The inhibition mechanism is explained by adsorption. The adsorption of A9Y3PPA obeys Langmuir adsorption isotherm. 5. The thermodynamic parameters calculated from the adsorption isotherms showed that both physisorption and chemisorption are involved in the inhibition process. 6. A9Y3PPA acts as a mixed type corrosion inhibitor for CS specimens in 1M HCl.
Experimental
Inhibitor and Solutions
The inhibitor used in this experiment was a Polynuclear Schiff base (A9Y3PPA) and obtained by the condensation of equimolar mixture of anthracene-9 (10H)-one [R1] and (s)-2-amino-3-phenyl propanoic acid [R2] in ethanol. The reaction mixture was refluxed for 6 hours, cooled by keeping overnight, filtered, washed and dried (Scheme I). Anal.calcd for C23H19NO2 : C, 80. 
Weight loss measurements
Carbon steel specimens of dimension 1.5x 2x 0.1 cm, having composition C, 0.5%; Mn, 0.07%; P, 0.02%; S, 0.015%; Si, 0.02% and rest Fe were cut and abraded with various grades of silicon carbide papers (200, 400, 600, 800, 1000, 1200 and 2000). The exact area and thickness of each coupon were measured and washed with soap water. Specimens were then degreased again with acetone and finally dried. After weighing, specimens were immersed in 50ml acid solutions (naturally aerated) at 0 C in the absence and presence of the inhibitor (A9Y3PPA) using hooks and fishing lines. Weight loss of metal specimens was noted after 24 h. The experiments were carried out in duplicate and the average values were reported. The corrosion rate (ν) and the percentage of inhibition efficiency (η w %) were calculated by the following equations 30, 31 .
where W is the weight loss (g) of specimen, S is the total area(cm 2 ) of specimens , t is the time of treatment (24 h), ν0 and ν are the corrosion rates (mmy -1 ) of uninhibited and inhibited specimens respectively.
Electrochemical Impedance Spectroscopy (EIS)
The EIS measurements were performed in a three electrode cell assembly. Saturated calomel electrode (SCE) was used as the reference electrode. Platinum electrode having 1cm 2 area was taken as counter electrode. Metal specimens with an exposed area of 1cm 2 were used as the working electrode. The EIS experiments were carried out on an Ivium compactstat-e electrochemical system. 1 M HCl (no stirring) was taken as the electrolyte and the working area of the metal specimens were exposed to the electrolyte for 1 h prior to the measurement. EIS measurements were performed at constant potential (OCP) in the frequency range from 1 KHz to 100 mHz with amplitude of 10 mV as excitation signal. The percentage of inhibitions from impedance measurements were calculated using charge transfer resistance values by the following expression 32 η EIS % = R ct − R′ ct R ct X100
where Rct and R'ct are the charge transfer resistances of working electrode with and without inhibitor respectively.
Potentiodynamic Polarization Studies
Electrochemical polarization studies on CS specimens in 1M HCl with and without inhibitor were performed by recording anodic and cathodic potentiodynamic polarization curves. Polarization plots were obtained in the electrode potential range from -100 to +100 mV versus equilibrium potential (Ecorr) at a scan rate of 1mV/sec. Tafel polarization analysis were done by extrapolating anodic and cathodic curves to obtain corrosion current densities (Icorr). The percentage of inhibition efficiency (ηpol%) was evaluated from the measured Icorr values using the following relation 33 η pol % = I corr − I′ corr I corr X100
where Icorr and I'corr are the corrosion current densities of the exposed area of the working electrode in the absence and presence of inhibitor respectively.
From the slope analysis of the linear polarization curves in the vicinity of corrosion potential of blank and different concentrations of the inhibitor, the values of polarization resistance (Rp) in 1 M HCl solution were obtained. From the evaluated polarization resistance, the inhibition efficiency was calculated using the relationship
where R ' p and Rp are the polarization resistance in the presence and absence of inhibitor, respectively 34 .
Atomic force microscopy
Surface morphology of carbon steel specimen was investigated using atomic force microscopy (Park systems, XE-100 model). Contact mode was used with a scan rate of 0.8 Hz and the area of scan was 5 µm X 5 µm. After immersion in 1M HCl solutions in the absence and presence of the inhibitor A9Y3PPA (1mM) for 24 h at 30 0 C, the specimen were cleaned with distilled water, dried and used for AFM
